Akt homologs also contains the DAF-18 gene that has 9 These authors contributed equally to this work. 10 These authors contributed equally to this work.
Gly129Glu tumor-derived mutation that maps to the an internal loop (residues 286-309; Figure 1B ; data not shown). Initial crystals, obtained using PTEN truncated phosphatase signature motif eliminates PTEN's lipid phosphatase activity but not its protein phosphatase at its termini (residues 7-353), diffracted poorly. Therefore, the 24-residue protease-sensitive loop was also activity (Furnari et al., 1998; Myers et al., 1998).
Here, we describe the 2.1 Å crystal structure of human deleted from the recombinant clone. This truncated PTEN bound to L(ϩ)-tartrate ( Figure 1A ) and discuss the PTEN protein has in vitro PI(3,4,5)P 3 phosphatase activimplications this structure, in conjunction with our in ity similar to that of full-length PTEN (K cat /K M of 24.0 vitro membrane binding, mutagenesis, and growth supmin Ϫ1 mM Ϫ1 and 17.3 min Ϫ1 mM Ϫ1 for truncated and fullpression data, have for our understanding of PTEN's length PTEN, respectively); its in vitro membrane affinity phosphatase activity, its association with the memis comparable to that of full-length PTEN (discussed brane, and its inactivation by mutations in cancer.
later); and its apoptosis inducing activity is essentially identical to that of full-length PTEN when transfected into LNCaP cells, a PTEN-deficient prostate cancer cell Results and Discussion
line (data not shown). The truncated PTEN was crystallized from Na/K L(ϩ)-tartrate, and its structure was deStructure Determination termined at 2.1 Å resolution. An L(ϩ)-tartrate molecule, Proteolytic digestion indicated that PTEN has unstrucwhich inhibits the PTEN activity with a K i of ‫51ف‬ mM tured or loosely folded regions of 7 and 49 residues at the N and C termini, respectively, and of 24 residues in (data not shown), is bound in the active site ( Figure 2D ). . Fo-Fc difference electron density around the tartrate molecule is shown in magenta. The map was calculated at 2.1 Å using a PTEN model before any tartrate atoms were built; it was contoured at 2.5 .
Overall Structure of PTEN larger size of the pocket would be important in accommodating a PI(3,4,5)P 3 substrate. The C-terminal domain The PTEN structure consists of a 179-residue N-terminal domain (residues 7-185) and a 166-residue C-terminal has a structure similar to the C2 domain that mediates the Ca 2ϩ -dependent membrane recruitment of sevdomain (residues 186-351; Figures 1A and 1B) . The N-terminal domain contains the PTP signature motif and eral signaling proteins, such as the phosphoinositidespecific phospholipase C␦1 (PLC␦1), phosphoinositide has a structure similar to the dual specificity phosphatase VHR. However, the phosphatase active site of PTEN 3-kinase (PI3K), and protein kinase C (PKC) (reviewed in Rizo and Sudhof, 1998). The PTEN C2 domain lacks is larger than those of VHR and the protein tyrosine phosphatase PTP1B, and residues responsible for this the canonical Ca 2ϩ ligands, and in this respect it is similar to the C2 domains of the Ca 2ϩ -independent PKC isostructural feature are conserved in PTEN homologs. The types (Rizo and Sudhof, 1998). The C2 and phosphatase allowing both phospho-tyrosine and the shorter phospho-serine/threonine substrates to reach the catalytic domains associate across an extensive interface that is adjacent to the phosphatase active site and consists of cysteine at the bottom, while the deeper PTP1B pocket permitting only phospho-tyrosine to reach (Yuvaniyama conserved residues frequently mutated in cancer. et al., 1996). The wider opening of PTEN's pocket is consistent with its ability to dephosphorylate phosphoStructure of the Phosphatase Domain serine/threonine substrates in addition to phosphotyroThe structure consists of a central five-stranded ␤ sheet sine (Myers et al., 1997). that packs with two ␣ helices on one side and four on the other. This overall structure is similar to the dual Active Site Residues specificity phosphatase VHR (Yuvaniyama et al., 1996), In the PTEN HCXXGXXR motif, the Cys-124 and Argand the two structures can be superimposed with an 130 residues that are essential for catalysis and the rmsd of 1.75 Å for 121 C␣ atoms (Figure 2A ). There are His-123 and Gly-127 residues that are important for the several differences in the two structures, and some of conformation of the P loop ( , 1999) . This suggests the model that PI(3,4,5)P 3 may bind with the D3 phosphate group at the catalytic the active site of PTEN distinguish it from known protein phosphatase structures, we mutated the residues resite and the D4 phosphate group in the second anionbinding site. When the D3 and D4 phosphate groups sponsible for these features and tested their effects on PTEN's PI(3,4,5)P 3 phosphatase activity. of Ins(1,3,4,5)P 4 are superimposed on the carboxylate groups of tartrate, the D5 phosphate group occupies On the "TI" loop, mutation of Thr-167 or Gln-171 resulted in reductions of 60% and 75%, respectively, in the remaining space in the pocket extension ( Figures  3A and 3B) . This results in a snug fit of the D3, D4, and the activity of the enzyme toward PI(3,4,5)P 3 ( Figure 3C ). In the crystal structure, the Thr-167 side chain is solvent D5 phosphate groups in the pocket without any steric clashes and without any adjustment in the Ins(1,3,4,5)P 4 exposed and has no apparent structure-stabilizing role.
The Gln-171 side chain is partially solvent exposed and (CBR1, CBR2, and CBR3 loops) (reviewed by Rizo and Sudhof, 1998), and this has been implicated in mediating hydrogen bonds to one of the carboxylate groups of tartrate ( Figure 2D C2 domain has an additional basic patch on the adjacent c␣2 helix, resulting from the solvent-exposed Lys-327, 4,5)P 3 phosphatase activity by 75% while having only a modest effect on the PI(3,4)P 2 phosphatase activity Lys-330, Lys-332, and Arg-335 ( Figures 1B and 4C ). This is a position similar to a helix of cPLA2 that has been ( Figure 3C ). This result is also consistent with our model, where His-93 is in close proximity to the phosphate implicated in contributing to membrane binding (Perisic et al., 1998). group at the D5 position ( Figure 3B ). This finding helps explain the high frequency of mutation of His-93 in canThese nine basic and two hydrophobic side chains emanating from the CBR3 and c␣2 elements of the PTEN cer ( Figure 1B) . C2 domain are on the same face as and in close proximity to the phosphatase active site (Figure 4C ), consistent Structure of the PTEN C2 Domain with a possible role in membrane association. The C-terminal 170 amino acids fold into a ␤ sandwich structure consisting of two antiparallel ␤ sheets with two short ␣ helices intervening between the strands C2 Domain Has Affinity for Phospholipid Membranes In Vitro (Figures 1A and 1B) . The PTEN ␤ sandwich has a topology identical to the type II topology of the C2 fold, and
Because of these analogies, we tested whether the PTEN C2 domain has affinity for phospholipid memits structure is similar to the C2 domains of PLC␦1, PKC␦, and phospholipase A2 ( Figures 5A-5C ). Since this mutalysates from the U87-MG cells. The M-CBR3 and M-c␣2 mutants were present at levels essentially identical to tion reduced PTEN's in vitro PIP(3,4,5)P 3 phosphatase activity by 75% while preserving the phosphatase activthat of wild-type PTEN (Figure 5D ), indicating that the reduction in their growth suppression was not due to ity toward D3 phosphorylated phosphoinositides lacking the phosphate in the D5 position ( Figure 3C ), this result decreased protein levels in the cells. This also confirmed our structure-based conclusion that the residues we suggests that the dephosphorylation of PIP(3,4,5)P 3 is more important than the dephosphorylation of PIP(3,4)P 2 mutated do not have any structure-stabilizing roles. We also tested the ability of these PTEN mutants immunoor PIP(3)P for the tumor suppressor function of PTEN. precipitated from cells to dephosphorylate a soluble, short-chain PI(3,4,5)P 3 analog, using published procePhosphatase-C2 Interface The domain-domain interface buries a surface area of dures (Georgescu et al., 1999) . Figure 5E shows that the M-CBR3 and M-c␣2 mutants have phosphatase activity 1400 Å 2 and involves several structural elements from each domain, including parts of the "WPD" and "TI" levels similar to that of wild-type PTEN.
Finally, we tested the in vitro membrane binding affinloops of the phosphatase active site. The interface has seven hydrophobic and aromatic residues forming a ity of the E. coli produced M-CBR3 and M-c␣2 PTEN mutants using a published procedure (Fukuda et al., buried core, and nine residues that participate in networks of hydrogen bonds, several of which are made 1996) that is a variation of the procedure we used for the baculovirus-expressed PTEN. Figure 5F shows that with backbone groups ( Figure 6A ). The interface elements of the phosphatase domain are second only to these mutants have reduced affinity for membranes in vitro compared to E. coli produced wild-type PTEN.
the P loop in conservation across species ( Figure 1B) , and those of the C2 domain are the best conserved C2 Taken together, these results strongly suggest that PTEN binds to phospholipid membranes via its carboxyregions ( Figure 1B) . The majority of the residues that make interdomain hydrogen bonds have been found terminal C2 domain and that its lipid binding activity is important for its tumor suppressor function. However, mutated in cancer, and two of them, Ser-170 and Arg-173, are among the eight most frequently mutated resiadditional functions for the PTEN C2 domain, such as the protein binding demonstrated for one of the synaptodues of PTEN (Figures 1B and 6A) . These indicate that the integrity of the interface is important for the function tagmin C2 domains, cannot be ruled out. Brü nger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
